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ABSTRACT: With relevance spanning from immunohistochemistry to immunoassays and therapeutics, antibody reagents play critical roles in the life sciences, clinical chemistry, and clinical medicine. Nevertheless, nonspecific interactions and performance reproducibility remain problematic. Consequently, scalable and efficient analytical tools for informed selection of reliable antibody reagents would have wide impact. Therefore, we introduce a kinetic polyacrylamide gel electrophoresis (KPAGE) microfluidic assay that directly measures antibody−antigen association and dissociation rate constants, k on and k off . To study antibody−antigen association, an antigen zone is electrophoresed through a zone of immobilized antibody. Upon crossing, the interaction yields a zone of immobilized immunocomplex. To quantify k on, we assess immunocomplex formation for a range of antigen−antibody interaction times. Here, interaction time is controlled by the velocity of the electromigrating antigen zone, which is determined by the strength of the applied electric field. All species are fluorescently labeled. To quantify k off , an immobilized zone of immunocomplex is subjected to in situ buffer dilution, while measuring the decay in immunocomplex concentration. Two approaches for antibody immobilization are detailed: (i) size-exclusion-based antibody immobilization via a molecular weight cutoff (MWCO) filter fabricated using polyacrylamide gel and (ii) covalent antibody immobilization realized using a photoactive benzophenone methacrylamide polyacrylamide gel. We determine k on and k off for prostate-specific antigen (PSA) and compare to gold-standard values. The KPAGE assay completes in 90 min, requiring 45 ng of often-limited antibody material, thus offering a quantitative antibody screening platform relevant to important but difficult to characterize interaction kinetics. F or assays that rely on antibody-based detection, selection of an antibody reagent presents a critical challenge. 1, 2 Nonspecific binding and reproducibility remain problematic. 1, 3, 4 Typical immunoreagent selection criteria include affinity determination for an antibody−antigen interaction quantified by the equilibrium constant (K d ). The K d describes the dynamic equilibrium between association (binding) and dissociation (unbinding) . Although K d is widely used for antibody selection 5, 6 and can be related to kinetic association and dissociation rate constants (k on and k off )the direct measurement of k on and k off provides more specific information on binding and dissociation, both of which are useful as selection criteria. 7−9 In other words, two antibodies with identical K d values may have dramatically different binding kinetics, making performance for a specific application difficult to predict. For example, identification of an antibody−antigen pair possessing a high association rate but low dissociation rate will result in appreciable binding with persisting immunocomplex, as may be desired in immunohistochemistry. Such considerations are also important in assays that involve advection or diffusion (e.g., washing or incubation steps, separation steps).
Gold standard immunoreagent screening and selection assays, such as enzyme-linked immunosorbent assays (ELISAs) and surface plasmon resonance (SPR) do not report both k on and k off directly, 5, 10 yielding instead a measurement of K d . In ELISA, an antigen is immobilized to a solid surface (96-well plate) and then complexed with an antibody linked to an enzyme. Through a series of equilibrium experiments, the K d can be quantified; however, these measurements rarely yield values reflecting reliable equilibrium constants due to mass transport limitations. 11 These mass transport limitations increase the time needed for the antibody to reach the immobilized antigen. The time and concentrations needed for the reaction to reach equilibrium are often unknown and underestimated. In fact, the reaction may never reach equilibrium, thus ELISA provides a qualitative measurement of relative binding, rather than a quantitative assessment. 12, 13 In addition, ELISA is time-consuming, taking 4 h up to overnight to come to equilibrium allowing extraction of the K d .
Like ELISA, SPR facilitates the measurement of K d via labelfree detection of antigen binding to chemically surfaceimmobilized antibodies by detecting refractive index changes at the binding surface. Due to the heterogeneous SPR format and the poorly defined surface density of the immobilized antibody, SPR cannot make direct measurement of k on . 14 However, k on can be calculated via the relationship: 19 Finally, the SPR immobilization procedure can be time-consuming, labor-intensive, and expensive. 20 Kinetic capillary electrophoresis (KCE) is a powerful alternate technique for making direct measurements of k on and k off . 21−24 In plug−plug kinetic capillary electrophoresis (ppKCE) short plugs (zones) of antigen and antibody are injected into a 20−40 cm long capillary. The sample zone with the lower mobility is injected first, followed by injection of the high mobility species. During the assay, the trailing species zone overruns the slower leading species zone. As both species are in solution, the assay benefits from reaction characteristics of a homogeneous (not heterogeneous) format, thus eliminating concerns associated with concentration depletion boundary layers that can form in heterogeneous reactions. The overspeeding duration sets the interaction time and yields formation of a third species zone, the immunocomplex. The immunocomplex subsequently resolves from the two reactant zones. Both k on and k off are calculated from a single ppKCE electropherogram using the area of the peak, signal "tailing" and "fronting", and migration time scales. Owing to high separation efficiency, fast speed, and minute sample consumption, KCE has been intensively studied for measurement of the binding constants and binding stoichiometry of various affinity interactions. 25−27 Although kinetic capillary electrophoresis methods do not require the surface immobilization needed for SPR and ELISA, measurements of k on and k off require fairly complex and iterative mathematical manipulations of resultant electropherograms and, of course, sufficient mobility difference between species zones for reasonable resolution of the formed complex and free antigen. 28 Taken together, characterization of antibody reagents in a rapid, facile, and low-reagent-consuming format suitable for screening would have wide impact. Here, we introduce an electrophoretic microfluidic assay, termed kinetic polyacrylamide gel electrophoresis (KPAGE), which directly quantifies both association and dissociation rates, k on and k off , and the dissociation constant K d . Association is determined by observing a fluorescently labeled antigen zone electromigrate through an immobilized antibody zone. The k off is quantified by observing dissociation of immunocomplex as clear buffer (i.e., antigen not present) is electrophoresed through the antibodyimmobilized zone of immunocomplex. Two approaches to in situ antibody immobilization are investigated, including immobilization of an antibody zone at a microscale size exclusion filter (step change in pore size) and covalent immobilization of an antibody zone on a photoactive polyacrylamide gel (uniform pore size). Using both approaches, we apply the KPAGE assay to study of a well-validated system of prostate-specific antigen (PSA) and a cognate monoclonal antibody. Results suggest this low-infrastructure microfluidic KPAGE assay is a feasible means to realize rapid, quantitative, and scalable antibody screening tools, without the need for complex data interpretation or immobilization schemes.
■ MATERIALS AND METHODS
Apparatus and Imaging. Fluorescence images were collected using an inverted epi-fluorescence microscope equipped with CCD camera, filter cubes, and an automated x−y stage. The CCD exposure time was 10−100 ms depending on the intensity of the fluorescence signal. Image analysis was conducted using ImageJ software (NIH, Bethesda, MD). (See Supporting Information, Methods for more information on imaging systems used.) Chip Preparation. Glass microfluidic chips with double cross T-junction channels were designed in-house using AutoCAD 2012. Three parallel channels, each with a depth of 20 μm and a width of 70 μm were fabricated using a standard wet etching 29 process (Caliper Life Sciences, Hopkinton, MA). Chip surface preparation prior to gel polymerization was performed as described previously. 30 Two fabrication approaches were developed for realizing an immobilized zone of antibody.
Immobilization Approach 1: Size-Exclusion Antibody Immobilization via a Molecular Weight Cutoff (MWCO) Filter. The MWCO filter was fabricated using a two-step maskbased photopolymerization process as described previously 30 using a precursor solution of 10% T (T, the concentration of total acrylamide, w/v), 5.5% C (C, ratio of bisacrylamide and bisacrylamide + acrylamide, w/w) for the filter and 3% T, 3.3% C for the loading gel. For more details see Supporting Information, Methods. After use, polyacrylamide was removed from the microchannel network (allowing glass chip reuse) by soaking the chips in a 2:1 solution of 70% perchloric acid and 30% hydrogen peroxide overnight at 60°C, as described previously. 31 Proper precautions should be carefully observed. To conduct KPAGE using the MWCO filter, 10 μL of 1× Tris/glycine or protein sample diluted in Tris/glycine was added to channel termini reservoirs (i.e., pipet tip press-fit into the termini wells). In step (1) Figure 1 , antibody (Ab, 20nM) was electrophoretically loaded from the top T-junction (wells 1 and 5), and a plug of Ab was injected and immobilized at the MWCO filter (wells 4 and 3), by physical exclusion of large molecular mass Ab at the filter pore-size discontinuity (interface). Owing to the physical exclusion from the filter, the local Ab concentration enriched 5× (100nM ± 20%). In step (2), a plug of antigen (Ag) (10 uM) was electrophoretically loaded at the bottom T-junction (wells 2 and 6) and electrophoretically injected into the reaction channel (wells 4 and 3). The applied potential was adjusted to control the bandcrossing interaction time (t c ) allowing interactions times in the range 1 s < t c < 60 s. So, to obtain different interaction times, the electric field is adjusted. Different field strengths should yield different channel transit times for each antigen zone, thus the peak width and maximum concentration of the antigen zone should be different upon arrival at the immobilized antibody zone (Supporting Information, Figure S-1). Consequently, to expose each immobilized Ab zone to a similar antigen plug concentration, regardless of t c , we implemented a two-step injection process. First, antigen was injected and electrophoresed to the 1 mm point at a high E. Second, upon reaching the 1 mm mark, E was decreased to provide the desired t c . The maximum antigen concentration was 7 μM ± 500nM. In step (3), epi-fluorescence micrographs were collected continually at the immobilized Ab zone enabling monitoring of the immunocomplex formation and direct measurement of the electric field-controlled t c . To reset the assay in step (4), after immunocomplex (C) measurement was made, field polarity was reversed across the filter to electrophorese away C, Ab, and Ag. Steps (1) through (4) were repeated for the series of t c . In step (5), to determine the dissociation rate constant, equilibrium mixtures of C were incubated overnight. A plug of C was electrophoretically loaded to wells 2 and 6 and injected into the MWCO filter (wells 4 and 3). The complex was subjected to buffer dilution for a dilution time (t d ) of 60 min while monitored via epifluorescence imaging. (See Supporting Information, Methods for more information on the fabrication and voltage protocol used.)
Immobilization Approach 2: Covalent Antibody Immobilization via a Photoactive Polyacrylamide Gel. The photoactive polyacrylamide gel was fabricated using a precursor solution of 4% T, 3.3% C. BPMA monomer was added to precursor solutions at 1.1 mM from a 100 mM stock in DMSO. Gels were chemically initiated by 0.08% each of APS and TEMED in a buffer of 1× Tris/glycine. Degassed precursor was introduced to channels by capillary action. Precursor (4 μL) was added to each well. To avoid diffusion of oxygen into the channel and thus inhibition of acrylamide polymerization, a cover glass slide was placed on top of the glass chips to cap the wells at the channel termini. Chips were incubated for ∼10 min until gelation of excess precursor on top of the chip was observed.
To conduct KPAGE using the photoactive gel immobilization method, we developed a protocol similar to the MWCO filter method; the major difference is the method of Ab immobilization. In Approach 2, covalent attachment of Ab to the benzophenone containing polyacrylamide gel through UV photopatterning was used, not physical exclusion as in the MWCO in Approach 1. To immobilize a plug of Ab (step 1), Ab (2 μM) was first loaded into the reaction channel (wells 4 and 3). A photomask with a 20 μm slit was designed and fabricated in-house. The slit was cut in stainless steel using a laser cutter (Universal Laser Systems, PLS6MW MultiWavelength Laser Platform (30W fiber laser cartridge) (Scottsdale, AZ)). The mask was placed on top of the glass chip, with the slit 1 mm downstream from the second double cross T-junction. Flood UV (350−365 nm) light was provided by a Hamamatsu Lightningcure LC5 directed through a liquid light guide (Newport Corporation, 77566 Liquid Light Guide) for 5 s at 20% intensity. Contact masking was used, with the liquid light guide pressed directly onto the mask surface. After UV exposure, electrophoresis was resumed to remove free Ab from the channel (wells 4 and 3). The Ab capture efficiency was defined as the fraction of antibody that was retained in the channel after UV exposure and washout to the antibody initially loaded into the channel before UV exposure. UV capture efficiencies depend on the benzophenone concentration within the gel, UV exposure times, and the amount of available C−H bonds in target polypeptides and proteins. In addition, we have observed sample preparation to be an important factor in binding efficiency of protein to gel scaffold. For example, we Analytical Chemistry have observed native proteins to immobilize with notably less efficiency (1.5%, under IEF conditions) 32 than fully reduced/ denatured proteins (>85%). 33 In line with the native protein immobilization efficiencies previously observed, KPAGE reports antibody capture efficiencies of 8.8% ± 2%. Steps (2−4) follow the MWCO filter method as described above. For step (5), Ab was immobilized as stated in step (1) and antigen was electrophoretically loaded through the reaction channel (wells 4 and 3) until the complex reached equilibrium. The complex was then subjected to buffer dilution via electrophoresis for a t d of 60 min, with imaging conducted every 10 min using a 100 ms exposure time. Replicates were performed using a new channel and photoimmobilized plug of antibody for each interaction and dilution. After loading and photocapture of antibody, residual background signal was observed with an SNR >3.3.
Fluorescence Signal Calibration. To quantify the local antigen and antibody concentrations, calibration curves were generated, and photobleaching studies were conducted. (See Supporting Information, methods).
Estimation of Interaction Time, t c . For k on measurements, the t c was defined as the time required for a zone of antigen (at a known concentration) to traverse the zone of immobilized Ab. As fluorescent antigen electromigrated through the immobilized Ab zone, fluorescence signal was collected and integrated from the Ab region (axial length of 10−170 μm, transverse width of 70 μm) as a function of time. This capture region was designed such that we could obtain interaction times before the reaction reached equilibrium, as discussed in the Results and Discussion section. The signal was fitted to Gaussian distributions numerically (MATLAB R2010b), with the full width at half-maximum (fwhm) computed and used as the t c . The antigen distributions used to determine t c were asymmetrical for the MWCO filter as the immobilized Ab region was located at the sharp MWCO filter interface. As antigen enters the immobilized Ab region, the zone enters a small pore size gel and slows, accelerating again when the zone exits the filter into a higher pore size gel. Antibody−antigen interaction times were controlled by varying the electric fields from 1739 V/cm to 38 V/cm yielding analyte velocities from 500−10 μm/s and interaction times from 2 to 60 s, with standard deviations for each interaction time up to 0.25 s for a given applied field.
Estimation of Kinetic Rate Constants k on and k off . Epifluorescence micrographs of the immobilized Ab and (bound antigen) immunocomplex signals for each t c and t d were fitted to Gaussian distributions numerically (MATLAB R2010b). The area under the curve (AUC) of the antibody and immunocomplex signal was determined by integrating the Gaussian distribution. The antibody and immunocomplex concentration in (nM) was obtained using calibration curves developed as described above. For k on measurements, the percent bound (% Bound) for each immunocomplex concentration was computed by taking the ratio of the immunocomplex to available binding sites, % Bound = C/Ab. For each interaction time, a control was performed to determine the amount of nonspecific binding occurring at the filter interface. This value was subtracted before quantifying the immunocomplex concentrations for a given interaction time. We employ a Langmuirian one-to-one antibody-to-antigen binding model. 7 We chose this model, because monoclonal antibody purification is known to result in protein unfolding, misfolding, and aggregation that may yield only one active binding site. 34, 35 Experimental data was fit to the binding association and dissociation expressions. ■ RESULTS AND DISCUSSION KPAGE Assay Design. To yield an efficient, scalable, and readily interpretable assay for determination of antibody− antigen kinetic rate constants, we explored a purely electro- phoretic pseudohomogeneous band-crossing format, as described in the Materials and Methods and briefly summarized here (Figure 2 ). During KPAGE k on determination, a zone of fluorescently labeled antigen was electrophoresed through an immobilized zone of antibody for a known and controlled interaction time, t c . Given sufficient t c , electromigrating antigen binds to the immobilized antibody forming a stationary immunocomplex. Note that either antibody or antigen can be immobilized in the photoactive KPAGE system but only the larger of the binding pair can be immobilized for the MWCO filter method, both with the mobile analyte in excess. Several crossing experiments with distinct t c durations were performed, each using a zone of fresh immobilized antibody. Increasing or decreasing the t c was controlled by varying the electrophoretic velocity of the antigen through adjustment of the applied electric field strength. At longer t c , the amount of immunocomplex formed is higher (until equilibrium), with the amount of resultant immunocomplex directly related to k on of the binding pair. To determine the dissociation rate, a zone of pre-equilibrated antigen−antibody immunocomplex was immobilized in the microchannel. Buffer was electrophoresed over the stationary immunocomplex for a set dilution time (t d ), and the decay in immunocomplex concentration was monitored. KPAGE offers a pseudohomogeneous format that is reaction-limited, with mass transport of free antigen to immobilized antibody fast in comparison to the reaction, owing to small diffusional lengths (100 nm) defined by the porous gel matrix.
In designing the KPAGE assay, we first sought to determine the types of binding pairs well-suited for KPAGE analysis. We simulate the KPAGE assay and then consider assay requirements for three binding rate regimes: low, intermediate, and ultrahigh ( Figure 3A) . The simulations estimate the range of association and dissociation rates using a 1D diffusion, convection, and reaction model. The parameter that dictates the KPAGE-accessible range for the association and dissociation rates depends on the electrophoretic velocity of the antigen, which controls the interaction time. The electrophoretic velocity of the antigen zone through the antibody capture zone is the same for both the MWCO filter and photoactive gel methods, and hence this model predicts the accessible regimes irrespective of the exact immobilization method employed. For k on , KPAGE must allow ∼4 measurements of immunocomplex formation before equilibrium is reached. 36 With the equilibrium time given by τ eq = (k on Ag + k off ) −1 , this criterion can be stated as: t c < (τ eq /4). An example of a low association rate constant system 37 40 affinity binding pair such as biotin and streptavidin, a k on = 4.5 × 10 7 M −1 s −1 is appropriate. For low and intermediate association rates, the τ eq was found to be within 10 s < τ eq < 20 s. Given t c < τ eq , we assume negligible dissociation. Using an electromigration−diffusion−reaction model, we estimate the fastest interaction time attainable as ∼1 s. Thus, the KPAGE association assay must be capable of measuring ∼4 distinct t c values in the first 10 s. Although this analysis suggests that assay operation is not well-suited to ultrafast binding pairs (i.e., streptavidin−biotin), the analysis does suggest that KPAGE is well-suited to a wide range of antibody−antigen binding pairs (e.g., 1.0
), including those of interest in this work. Similarly, for dissociation kinetic rate constant or k off determination, we simulated a range of binding pairs ( Figure  3B ): one pair with a low dissociation rate (e.g., biotin 40 and streptavidin with k off = 7.5 × 10 ), and one pair with a high dissociation rate (e.g., human serum albumin and ketoprofen 42 with k off = 0.227 s
−1
). In the limiting case of low k off (Figure 3B ), the simulation predicts a dilution time of 1 h, yielding a minimal decrease in complex signal, by AUC determination. In fact, a dilution time of 7 weeks would reduce the AUC of the immunocomplex by just 5%, which is the minimum signal decrease needed to reliably compute k off via KPAGE. Nevertheless, for typical antibody−antigen pairs, simulation results predict the majority of immunocomplex dissociating within 1 h of dilution initiation, making dissociation readily measurable using KPAGE. Finally, simulation of high k off systems predicts that the immunocomplex AUC should diminish notably within just the first 30 s of dilution.
Next, we sought to understand the applicability of KPAGE to measurement of k off . For this analysis, we assume that newly dissociated and now electromigrating antigen (free antigen) does not reassociate with immobilized Ab during the assay duration. To scrutinize this assumption, we compare an "ontime" (t on ) and an "off-time" (t off ) representative of KPAGE. Assuming antigen is in surplus, we define t on as the time required for antigen to bind with an antibody and form immunocomplex. Thus, t on can be related to the antibody concentration, Ab, and the association rate, k on , yielding t on = (k on Ab)
. We further define t off as the immobilized antibody zone length, L, divided by the antigen electromigration velocity, uAg, yielding t off = L(u Ag ) −1 . Under KPAGE operating conditions and intermediate association rate kinetics, comparison suggests that the time needed for antigen to electromigrate past the immobilized antibody zone is substantially lower than the time needed for antigen to bind to antibody (t off ≪ t on ). For example, for KPAGE with t off = 0.1 and t on = 10, at analyte velocities as fast as 500 μm s −1 with antibody capture zones of 10−170 μm in axial length, dissociated antigen exits the immobilized antibody zone before rebinding with immobilized antibody. An upper limit on electric potential sourced by the high voltage power supply used for KPAGE limits the maximum electrophoretic velocity of the antigen zone.
KPAGE Determination of Association Kinetic Rate Constant, k on . We applied KPAGE to determine k on of a PSA and monoclonal antibody pair. First, we used a polyacrylamide MWCO filter to facilitate size exclusion and thus immobilization of antibody at the filter interface ( Figure 4A ). We observed the (axial) length of the immobilized antibody zone ranging from 10 to 70 μm (n = 12 devices) with ∼50% variation in the total mass of antibody immobilized, as determined by AUC measurements. As such, t c was explicitly measured for each run from image sequences acquired during the band-crossing experiments. We observed immunocomplex signal increasing with longer t c durations, as expected for t c < τ eq . As shown in Figure 4B , binding curves plateau at 64% of the antigen bound in immunocomplex, with the asymptote value dependent on concentration of antigen and immobilized antibody. Interestingly, although the electromigrating PSA concentration was ∼60 times greater than that of the immobilized antibody, we did not observe saturation of the immobilized antibody under any t c studied. We attribute this reduced binding occupancy (even at long interaction times) to possible steric hindrance of antibody binding sites owing to crowding at the MWCO filter interface 30 or due to high dissociation rates. In light of the size-exclusion-based immobilization mechanism used to determine k on , we sought to further understand the role of nonspecific adsorption of free protein, as the MWCO filter excludes species based on size. To characterize sources of nonspecific binding at the MWCO filter, we explored performance in four different cases: (Case 1) KPAGE with no antibody present, (Case 2) KPAGE with an immobilized offtarget antibody (goat antimouse IgG (H + L)), (Case 3) KPAGE with PSA-specific antibody immobilized, and (Case 4) KPAGE with no polyacrylamide gel pore-size discontinuity and no immobilized antibody zone (i.e., uniform, bare gel). For each case, a high concentration zone of PSA antigen (10 μM) was electrophoresed across the region of interest, and any signal retained was quantified by calculating the AUC.
With no antibody present (Case 1), we measured a 23 ± 2% nonspecific signal for the MWCO filter immobilization method. With off-target antibody immobilized at the MWCO filter (Case 2), we measured a 20 ± 4% nonspecific signal. A uniform pore size bare gel (Case 4) yielded no detectable signal. All of these cases were then compared to signal from immobilized ontarget PSA antibody (Case 3), where we measured an AUC signal 5-fold greater than Cases 1 and 2. Taken together, we attribute nonspecific signal to the presence of the pore-size discontinuity that forms the MWCO filter. As such, background signal correction was performed for each KPAGE measurement conducted using a MWCO filter, to account for any antigen nonselectively trapped at the pore-size discontinuity.
For the PSA and monoclonal antibody pair, MWCO-filterbased KPAGE reported a k on value of 2.0 × 10 4 M −1 s −1 ± 7% (n = 3, Figure 3B ). In comparison, SPR determination of k on for the PSA monoclonal antibody pair 41 has been reported as 4.1 × 10 4 M −1 s −1 ± 25%, thus showing appreciable agreement with KPAGE using the MWCO filter. When considering SPR, we note that this surface-based assay is known to be mass transport limited under a range of operating conditions. When operating in a mass-transport-limited mode, the binding reaction at the surface consumes free antigen faster than mass transport (diffusion, convection) can deliver fresh, unbound antigen to the surface. The development of a depletion boundary layer in free antigen concentration proximal to the surface causes SPR to report ∼10−100× lower association kinetic rate constants when measured directly. 19 Although a pseudohomogeneous system such as KPAGE overcomes the k on artifacts arising from concentration depletion boundary layers, our observations of the KPAGE system further suggest that local crowding of antibody at the filter interface may lead to a reduced ability for the immobilized antibody to bind to antigen owing to crowding artifacts (i.e., steric hindrance or epitope masking), as mentioned.
We next explored alternate means to locally immobilize antibody while overcoming the challenges of antibody crowding and nonspecific interactions with the MWCO filter. As a second approach to immobilizing antibody, we utilized a polyacrylamide gel containing benzophenone methacrylamide monomer. This "photoactive" formulation allows UV-initiated covalent immobilization of a zone of antibody to the polyacrylamide gel through hydrogen abstraction ( Figure  4C ). In contrast to the MWCO filter immobilization approach, mask-based photopatterning of antibody allows use of a uniform pore size polyacrylamide gel and relaxes the sizebased assay design constraints. The antibody zone lengths ranged from 80 to 170 μm.
Importantly, we performed a study of nonspecific interactions using the same set of control studies examined for the MWCO filter immobilization approach. Here, we measured a 3.8 ± 0.2% nonspecific signal for Case 1, a 3.5 ± 0.3% nonspecific signal for Case 2. In a uniform pore size, bare gel (Case 4), no detectable signal was measured. All cases were then compared to signal from immobilized on-target PSA antibody (Case 3), where we measured a signal 33-fold greater than Cases 1 and 2. As an aside, we observed notably less variation in the run-to-run antibody mass loaded (8%) when using the photoactive gel as compared to the MWCO filter approach. We attribute tighter control of antibody immobilization to the uniform pore size of the gel and, hence, similar electrical resistance of all fabricated microchannels (i.e., reduced chip-to-chip variation). Recall that protein and antibody are loaded into the gels electrophoretically.
After observing notably reduced nonspecific interactions as compared to the MWCO filter approach, k on for the PSA and monoclonal antibody pair was determined ( Figure 4C ). KPAGE with covalently immobilized antibody estimated a k on of 2.7 × 10 5 M −1 s −1 ± 12% (n = 3, Figure 4D ) for the PSA and antibody pair. Like the MWCO filter method, the photoactive gel method sees a binding curve that plateaus at 64% of the antigen bound in immunocomplex. Saturation of the immobilized antibody did not occur, even at long interaction times. We attribute the observed plateauing behavior to high antibody concentrations and dissociation rates. In comparison, SPR can yield run-to-run calculation-based k on variation near 25%, 16, 41, 43 thus suggesting KPAGE is more robust than SPR. Compared to the MWCO filter and SPR, the association kinetic rate constant measured for PSA and monoclonal antibody is an order of magnitude faster in the photoactive gel system. Further, the equilibration time is 3× faster than the equilibration time observed using the KPAGE MWCO filter approach (15 s). We hypothesize that the differences in observed kinetic characteristics stem from differences in the physical environment and mechanism underpinning antibody immobilization. First, we note that the KPAGE system was operated under pH 8.3 buffer conditions to support electrophoresis, whereas the SPR studies cited were performed in a pH 7.4 buffer as is typical of SPR. The local pH influences the protein state and, therefore, electrostatic interactions and overall binding. Previous reports have observed that, as the pH increases, the association rates of antibody−antigen pairs can increase by as much as 85%, 44 and dissociation rates can increase by as much as 16-fold. 45, 46 In a study comparing an IgG antibody to an enzymatic protein similar to PSA, hen egg lysozyme (HEL), association rate increased by 33% when increasing the pH by just one unit (pH 7 to pH 8). Comparing PSA SPR results to our KPAGE results, we observed a 70% increase in association rates. These results follow the trend previously published 44 and are in range of what is to be expected when increasing the pH of the run buffer for this type of antibody−antigen pair. Second, for the MWCO filter, pore sizes at the filter interface are smaller than the antibody, allowing the antibody to be immobilized based on size exclusion. As antigen plug is electrophoresed through the immobilized antibody zone at varying electric field strengths, the antibody zone is observed to further electromigrate into the gel (up to ∼25 μm past the filter interface) and widen by 50% Figure 5A,B) and photoactive gel immobilization approaches ( Figure 5C,D) . For both approaches, we observed time-dependent dissociation of immunocomplex, asymptoting to 20−30% at the longest dissociation times studied (i.e., 3600 s). KPAGE yielded two measurements for k off , with the MWCO filter reporting 5.0 × 10 −4 s −1 ± 7.5% and the photoactive gel reporting 4.7 × 10 −4 s −1 ± 7.2%. Despite the differences in the physical environment and immobilization mechanism of both the MWCO filter method and the photoactive gel method, both methods yield similar k off values. We hypothesize that despite steric hindrance or epitope masking that could be occurring in the MWCO filter method, once complex is formed, dissociation of the antigen upon buffer dilution occurs at the same rate as the photoactive gel. This type of behavior has been previously observed in a similar study, 47 which compared two types of antibody immobilization methods, that is, (1) a three-dimensional hydrogel-binding matrix (1 μm in thickness) to (2) a dextran matrix (100 nm thickness). In this study, the association rate for the hydrogelbinding matrix was an order of magnitude lower than the dextran matrix; 37 however, for the dissociation rates, both methods were similar. The dissociation constant K d computed from k off and k on for the MWCO filter and photoactive gel methods were 25 and 1.7 nM. Taken together, KPAGE by either immobilization method yields consistent k off and K d values. Literature reports based on SPR 41 establish k off for PSA as 4.5 × 10 −5 s −1 ± 15%, and computed dissociation rate constants of K d = 1.86 nM. The k off from SPR is roughly an order of magnitude lower than k off determined by KPAGE and is the same order of magnitude for the computed K d . Kinetic capillary electrophoresis determination of K d values are comparable to SPR. 21, 48 We hypothesize that differences in the measured values stem from differences in the pH of the binding system. KPAGE Comparison: Molecular Weight Cutoff (MWCO) Filter Method and the Photoactive Gel Method. The MWCO filter method and photoactive gel method will each find use under specific assay constraints. The MWCO filter method should be employed (1) when binding partners in a pair differ considerably in molecular mass and (2) to immobilize the larger of two binding partners. Even with this rigid constraint, the MWCO filter is well-suited for measuring antibody−antigen interactions under native conditions (i.e., no covalent attachment) or for hydrophobic species. On this latter point, after exposure of the photoactive gel to UV, the gel becomes hydrophobic 33, 49 and exhibits notable nonspecific interactions (lectins, carbohydrate-binding proteins), 50 a phenomenon not observed with the MWCO filter. The photoactive gel is well-suited to study the binding between analytes of similar molecular mass. Both immobilization methods use electrophoresis to introduce analyte into the channels and, therefore, buffers used will need to support electrophoresis. The majority of proteins in their native state have isoelectric points below 7.5, and a typical buffer used for electrophoresis will have a pH of 8−9. In addition, for the MWCO filter method, the gels can be reused up to 20 times by reversing the field and clearing out the complex in the filter with clear buffer. However, with the photoactive gels, the gels are limited to a single use. For both methods, after use the polyacrylamide gels can be removed from the microchannel network and chips reused with new gels. Both the MWCO filter and photoactive gel methods were designed for adoption by well-equipped biology laboratories. In addition to microdevices, standard equipment and reagents (e.g., epi-fluorescence microscopes, polyacrylamide gel precursors) are required.
■ CONCLUSIONS
Here, we report on the design, development, optimization, and characterization of KPAGE, a rapid, quantitative microfluidicbinding assay for direct quantification of kinetic rates for immunoreagent selection and quality assessment. We characterize each of two different methods of antibody immobilization: immobilization via a MWCO filter (where antibody is immobilized via size exclusion at a gel pore-size interface) and immobilization via a photoactive gel (where antibody is covalently attached to a polyacrylamide gel matrix via masking and UV exposure). A major KPAGE design consideration is fulfilled by allowing for pseudohomogeneous reaction conditions, as compared to transport-limited heterogeneous systems such as SPR. Empirical and numerical analyses of the KPAGE assay were performed and suggest that this system is well-suited to measure a wide range of antibody−antigen binding pairs with association rates ranging from 1.0 × 10 4 M −1 s −1 to 1.0 × 10 6 M −1 s −1 and dissociation rates that range from k off = 4.5 × 10 −5 s −1 to 2.7 × 10 −1 s −1 to ultrahigh dissociating pairs such as human serum albumin and ketoprofen. Characterization of k on and k off was performed for the well-characterized and widely reported PSA−monoclonal antibody pair. This lowinfrastructure KPAGE assay provides a feasible means to realize rapid, quantitative, antibody screening, without the need for complex data interpretation or immobilization schemes. We see KPAGE as a potentially powerful binding screening assay to assess important but difficult to characterize interaction kinetics, such as protein−protein and protein−DNA. 
